Although recent animal and clinical studies suggest that Doppler-derived indexes may be useful for the characterization of ventricular diastolic behavior, the hemodynamic basis for the preload dependency of these indexes has not previously been fully elucidated. Accordingly, effects of reduction of left atrial load on the pressure-flow velocity relation were characterized in 10 anesthetized, closed-chest dogs during transient inferior vena Hg, p<0.05). Vena caval occlusion also altered Doppler transmitral velocity profiles during both the early and late phases of diastole. Peak velocity of the E wave decreased (from 50±11 to 41±7 cm/sec, p<0.01) as did acceleration (from 880±222 to 757±+258 cm/sec2, p<0.025) and deceleration (from 597±260 to 429±t197 cm/sec2, p<0.025). Peak velocity of the A wave also fell (from 29+9 to 22±5 cm/sec, p<0.005). Abrupt inferior vena caval occlusion did not significantly change heart rate or mean aortic pressure. Significant correlations were obtained between peak flow velocity during early diastole and the peak forward pressure gradient during early diastole (r=0.67, p<0.05), between peak flow velocity during late diastole and the peak pressure gradient during late diastole (r=0.80, p<0.01), and between deceleration rate of the Doppler E wave and the magnitude of the reversed transmitral pressure gradient (r=0.60, p<0.01). These results indicate that an acute reduction in left atrial loading conditions significantly alters the diastolic transmitral pressure relation and thus profoundly affects the Doppler flow velocity profile.
simultaneously recorded left atrial and left ventricular micromanometric pressure measurement and transesophageal Doppler echocardiograms. Within four or five beats after inferior vena caval balloon occlusion, left atrial loading was reduced as evidenced by a decrease in the slope of the left atrial v wave from 21±4 to 13±4 mm Hg/sec (p<0.001) and by a decrease in the first crossover point of left atrial and left ventricular pressures from 5.6± 1.1 to 2.9±+1.5 mm Hg (p<0.001). This decrease in left atrial loading resulted in reductions during early diastole of minimum left ventricular pressure (from 1.0±0.8 to -0.4±+1.2 mm Hg, p<0.001), the maximum early forward (i.e., left atrial pressure>left ventricular pressure) transmitral pressure gradient (from 2.8±0.8 to 2.4±0.5 mm Hg, p<0.01); the slope of the rapid filling pressure wave (from 44±11 to 38±10 mm Hg/sec, p<0.025); and the area of the reversed (i.e., left ventricular pressure>left atrial pressure) transmitral pressure gradient (from 79±42 to 53+33 mm Hg. msec, p<0.05). During late diastole, both the heights and slopes of the left atrial and left ventricular a waves fell, resulting in a decrease in the maximum late transmitral pressure gradient (from 1.2±0.7 to 0.9+0.5 mm Hg, p<0.05). Vena caval occlusion also altered Doppler transmitral velocity profiles during both the early and late phases of diastole. Peak velocity of the E wave decreased (from 50±11 to 41±7 cm/sec, p<0.01) as did acceleration (from 880±222 to 757±+258 cm/sec2, p<0.025) and deceleration (from 597±260 to 429±t197 cm/sec2, p<0.025). Peak velocity of the A wave also fell (from 29+9 to 22±5 cm/sec, p<0.005). Abrupt inferior vena caval occlusion did not significantly change heart rate or mean aortic pressure. Significant correlations were obtained between peak flow velocity during early diastole and the peak forward pressure gradient during early diastole (r=0.67, p<0.05), between peak flow velocity during late diastole and the peak pressure gradient during late diastole (r=0.80, p<0.01), and between deceleration rate of the Doppler E wave and the magnitude of the reversed transmitral pressure gradient (r=0.60, p<0.01). These A 0 LAP 0~~~~~~v^* pressure) transmitral pressure gradient, the slope of the left ventricular rapid filling pressure wave, the area of the reversed (left ventricular pressure>left atrial pressure) transmitral pressure gradient circumscribed by the atrial and ventricular pressure signals between the second (X2) and third (X3) points of crossover, the heights and slopes of both the left ventricular and left atrial a waves, and the maximum pressure gradient during atrial contraction. To facilitate precise measurement of these gradients and areas, hemodynamic recordings were magnified with a high-quality copier.
Transesophageal Doppler time-velocity profile measurements included (Figure 2 ) acceleration and deceleration rate of the early (E) diastolic filling wave and peak velocity of both the early and late (A) diastolic filling waves.
Five to eight occlusions of the inferior vena cava were peformed on each animal. Subsequent analyses of the pressure and Doppler waveforms were (Figure 4) , manifested by significant reductions in acceleration, maximum velocity, and deceleration. Group data derived from the Doppler E wave is presented in Table 2 . Individual data points for the maximum early pressure gradient and peak E wave velocity are presented in Figures 5 and 6 After reduction of left atrial loading, significant changes in transmitral pressure and flow velocity also occurred during the late phase of diastolic filling associated with atrial contraction. Significant decreases were noted in the heights and slopes of both the left atrial and left ventricular pressure a waves, resulting in a decline in the maximum pressure gradient generated during atrial contraction (Figure 3 ). This reduction in the pressure gradient across the mitral valve during late diastole was associated with a reduction in the maximum velocity of the Doppler A wave (Figure 4 ). Group data derived from left atrial and left ventricular pressures and the Doppler time-velocity profiles during atrial contraction are presented in Tables 1 and 2 , respectively. Significant changes were observed in all variables after vena caval occlusion. Individual data points for the maximum pressure gradient during late diastole and peak velocity of the Doppler A wave are presented in Figures 7 and 8 To normalize for differences in mitral valve resistance, the ratios of the paired data (baseline divided by occlusion) were used.13 With this technique, peak velocity of the Doppler E wave and the maximum forward pressure gradient during early diastolic filling exhibited a moderate correlation (r=0.67, p<0.05) (Figure 9 ), whereas peak velocity of the Doppler A wave and the maximum pressure gradient during atrial contraction correlated somewhat more strongly (r=0.80, p<0.01) (Figure 10 ). In addition, a significant, albeit weak, correlation was found between deceleration of the early filling wave and the magnitude of the reversed transmitral pressure gradient (r=0.60, p<0.01) (Figure 11) . Discussion The present study confirms recent reports that reductions in left ventricular preload significantly alter the Doppler transmitral inflow time-velocity profile during early diastolic filling. We also noted a significant change in the late diastolic filling wave. More important, the present study describes in detail the underlying transmitral pressure changes that accompany and are responsible for these alterations in flow velocity.
Other investigators have reported that a decrease in preload is accompanied by significant changes in the early filling wave, but only small, generally statistically nonsignificant changes in the late filling wave. Choong et a16 effected a reduction in preload with nitroglycerin infusion in humans undergoing cardiac catheterization and noted reductions in acceleration, deceleration, and maximum velocity of the early filling wave but no change in maximum A wave velocity. Using lower body negative and positive pressure to alter preload by altering venous return in humans with coronary artery disease, Takahashi et a18 showed the maximum velocity of the early diastolic filling wave to be very sensitive to changes in left atrial pressure, whereas significant differences in A wave maximum velocity were seen only at the extreme of applied negative pressure. Bhatia et a19 decreased left ventricular preload in normal humans with nitroglycerin and reported a significant difference in maximum E wave velocity but no change in A wave velocity.
The present study confirms that the early diastolic Doppler flow velocity waveform is substantially altered by changes in left ventricular preload. Significant changes were found in acceleration, deceleration, and peak velocity of flow as measured from the Doppler E wave. However, contrary to the results of other studies, we also found a significant difference in the maximum velocity of the late filling wave associated with atrial contraction. This discrepancy may be due in part to modest increases in heart rate that accompanied preload reduction in these other studies. Choong et a16 reported no change in peak A wave velocity and noted a statistically significant increase in heart rate (from 60 to 65 beats/min). Likewise, Bhatia et a19 reported a significant increase in heart rate (from 65 to 73 beats/min) but noted no changes in the Doppler A wave. Increases in heart rate are well known to affect the late phase of diastolic filling. 14 Two recent preliminary reports of the effects of heart rate on transmitral Doppler profiles concluded that late mitral inflow patterns are highly sensitive to heart rate changes. In humans, Parker et al'5 noted a example, of nitroglycerin. However, Choong et al,6 who found only a small, statistically nonsignificant decrease in peak A wave velocity (from 61 to 59 cm/ sec), reported a 58% decrease in the peak of the pulmonary wedge v wave (from 12 to 5 mm Hg) with nitroglycerin, which would seem to compare reasonably with the XI data reported in this study (a 48% decrease from 5.6 to 2.9 mm Hg). Still, the idea that changes in the A wave are related to the degree of preload reduction is reinforced by the report of Takahashi et al, 8 who noted a statistically significant 17% decrease in peak A wave velocity at the extreme of applied negative lower-body pressure (-40 mm Hg) but found statistically nonsignificant changes at higher pressures.
A third possible explanation for this discrepancy may be found on close examination of the individual data points presented in Figure 8 . As can be seen, the greatest changes in A wave peak velocity are found in animals exhibiting the largest A waves at baseline. Mean change for the four animals with the largest A waves at baseline is -35% (from 38 to 25 cm/sec; peak E: peak A ratio at baseline, 1.20) . Mean change for the remaining six animals is -17% (from 24 to 20 cm/sec; peak E: peak A ratio at baseline, 2.32). Thus, the substantial (-25%) decrease in the A wave reported in this study may have been influenced by a FIGURE 9 . Plot of relation of the early peak forward transmitral pressure gradient to peak Doppler E wave velocity after normalizing for differences in mitral valve resistance.
heightened sensitivity of the late diastolic filling phase to abrupt preload reduction in animals with depressed E:A ratios. However, the control mean E: A ratio for the patients in the 17 This reduction of minimum pressure was, however, insufficient to compensate for the loss in left atrial pressure, and the overall effect was a reduction in the gradient across the mitral valve.
Thus, the present study demonstrates that in the presence of reduced preload, the left side of the heart is less capable of accelerating blood as measured by Doppler echocardiography. The reduction in acceleration and maximum flow velocity during early diastole appears to be directly due to the reduction in the pressure gradient across the mitral valve. This loss of pressure gradient due to the sudden reduction in left atrial loading cannot be compensated for by elastic recoil alone despite a possible reduction in end-systolic volume that is known to accompany reductions in preload'8 and leads to augmented suction. '9 In this study, the maximum transmitral pressure gradient during early diastole was found to correlate significantly with the peak velocity of the Doppler E wave. This is in keeping with a recent report by Ishida et al,13 who described a significant linear correlation between early peak transmitral flow measured by electromagnetic flow probe and the peak transmitral pressure difference during early diastolic filling.
The results of the present study are consistent with a model of the heart that views early diastolic filling as resulting from two processes: elastic potential energy developed in the left atrial wall during the previous right ventricular contraction20 and elastic potential energy stored in the left ventricular wall during the previous left ventricular contraction. 21 If, as in this study, atrial loading is reduced dramatically, forces developed in the atrium that normally contribute to diastolic filling during early diastole are attenuated'7 and subsequent rapid ventricular filling may not be completed as effectively. Although the right side of the heart was not evaluated in this experiment, we assume that diastolic filling of the right ventricle might be similarly influenced by abrupt preload reduction.
During late diastolic filling, a significant decrease is seen in the height and upslope of the left atrial a wave during inferior vena caval occlusion. This probably relates to the biphasic nature of pulmonary blood flow and is the result of reduced refilling of the atrium after the ventricular rapid filling phase, resulting in unloading of the atrium before atrial contraction.22 Thus, the velocity of the blood subsequently injected into the ventricle during left atrial contraction is reduced. This is also reflected in a reduction in the upslope and height of the left ventricular a wave as less impact is produced in the ventricle. As 13 The mechanism for this observed reduction in the downslope of the E wave in association with preload reduction is unknown, but it may be speculated that it might be related to changes in the process of elastic recoil. During normal early diastolic filling, the ventricular wall, augmented by elastic potential energy stored in and then released by the left atrial wall, presumably recoils promptly to some "fequilibrium" conformation. 25 Consequently, blood decelerating by collision with the ventricular wall will be impacting with an essentially stationary structure and will therefore decelerate rapidly. If left atrial loading is substantially reduced, forces ordinarily provided by normal atrial filling are reduced, and the rate of ventricular recoil might tend to be attenuated. Thus, blood decelerating by impaction against the ventricular wall will collide with a structure that is still in motion, moving in the same direction as the flow of blood. Hence, the impact of collision is reduced, and deceleration, as evidenced by the downslope of the Doppler E wave, is less abrupt. Clinical pathological examples of the extremes of this scenario are represented by restrictive-constrictive physiology and mitral stenosis. In the case of restrictive ventricular physiology, wall expansion is halted abruptly, and shortened deceleration times for the E wave are noted across both the mitral and tricuspid valves.26 At the other extreme, mitral stenosis represents a situation in which wall expansion occurs over a prolonged period because of restricted mitral inflow, and E wave deceleration times are markedly prolonged.27 If it is conceded that the upstroke of the left ventricular rapid filling pressure wave results from the collision of blood with the ventricular wall during early diastolic filing,24,28 the decrease in the slope of the rapid filling pressure wave and extent of subsequent transmitral pressure reversal after preload reduction may also be due in part to this phenomenon and in part to the reduction in peak velocity reached by the blood during the rapid filling phase.
Another possible explanation for the slower E wave deceleration rate recorded after preload reduction relates to 
